A full-length cDNA clone of a previously unidentified serine protease, myelencephalon-specific protease (MSP), has been isolated by using a PCR cloning strategy and has been shown to be expressed in a nervous system and spinal cord-specific pattern. Sequence analysis demonstrated that MSP is most similar in sequence to neuropsin, trypsin, and tissue kallikrein and is predicted to have trypsin-like substrate specificity. MSP mRNA was found to be ϳ10-fold greater in the CNS of the rat and human, as compared with most peripheral tissues, and within the CNS was found to be highest by a factor of four in the medulla oblongata and spinal cord. Levels of mRNA encoding tissue plasminogen activator (tPA) also were elevated in the spinal cord but were more widespread in peripheral tissues as compared with MSP.
Among factors likely to participate in the response of the nervous system to injury, including tissue degeneration, are changes in the constitution of a variety of extracellular matrix components (Sanes, 1983 (Sanes, , 1989 , growth factors (Barde et al., 1983) , and cell proteolytic cascades (Krystosek and Seeds, 1981; Monard, 1988; Seeds et al., 1990) . The activity of serine proteases and their inhibitors has been established to play important roles in the nervous system, including the regulation of neuronal migration during development (Moonen et al., 1982; Seeds et al., 1990) , neurite outgrowth (Monard, 1988) , synaptic plasticity (Liu et al., 1994a,b) , and neuronal degeneration and death (Houenou et al., 1995; Tsirka et al., 1995 Tsirka et al., , 1997 . These actions may be mediated by the proteolytic cleavage of zymogen precursors and propeptides, the activation of specific cell surface receptors, and /or by the degradation of extracellular matrix proteins (Monard, 1988; Pittman and Williams, 1989; McGuire and Seeds, 1990) .
Serine proteases that have been examined primarily in the nervous system include the plasminogen activators and thrombin, each of which has been shown to affect neuronal plasticity (Qian et al., 1993; Liu et al., 1994a; Seeds et al., 1995) . The localized release of plasminogen activators by neuronal growth cones has suggested that their expression and subsequent degradation of extracellular matrix components is required for neurite outgrowth (Krystosek and Seeds, 1981) . Tissue plasminogen activator (tPA) mRNA expression in hippocampal neurons is increased with afferent stimulation (Qian et al., 1993; C arroll et al., 1994) , and, in the mouse mutant weaver, cerebellar neurons can be rescued from death in vitro by the serine protease inhibitor aprotinin (Murtomaki et al., 1995) . Transgenic mice deficient in tPA exhibit an altered form of long-term potentiation (Frey et al., 1996) and are resistant to excitotoxic-mediated neuronal degeneration (Tsirka et al., 1995 (Tsirka et al., , 1997 . Glial-derived protease nexin-I (PN I), a potent endogenous inhibitor of thrombin, specifically inhibits thrombin-induced neurite retraction Cunningham, 1988, 1990) and neuronal degeneration (Smith-Swintosky et al., 1995; Festoff et al., 1996) . Additionally, PN I has been demonstrated to reduce axotomy-induced motor neuron death in the neonatal mouse and to prevent programmed cell death in the chick motor cell column when administered in ovo (Houenou et al., 1995) .
To identify potentially important serine proteases in the normal and injured spinal cord, we designed a series of degenerate oligonucleotide primers based on regions of homology between known serine proteases, and we used them to PCR amplify protease cDNA clones from the nervous system. Using this strategy, we have identified a novel serine protease, myelencephalonspecific protease (MSP) . In this report we describe the full-length sequence and expression of MSP mRNA in the nervous system and peripheral tissues of the rat and human, and we show that MSP expression in the adult rat spinal cord is upregulated dramatically after excitotoxic injury.
MATERIALS AND METHODS

Animal treatments
Adult male Sprague Dawley rats (180 -200 gm) obtained from Harlan Laboratories (Indianapolis, I N) were used throughout these experiments. Animals were administered 10 mg / kg kainic acid (K A) intraperitoneally and were observed for behavioral seizures. Control animals and animals at 12, 24, 48, and 72 hr and 1 week post-K A administration were anesthetized deeply with sodium pentobarbital (35 mg / kg) and perf used transcardially with 4.0% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. The lumbosacral spinal cord (L1-S4) was retrieved, cryoprotected in 0.1 M phosphate buffer containing 20% sucrose, and cut in the transverse or sagittal plane at 20 m for in situ hybridization histochemistry. Alternatively, other groups of animals at the same time points were killed by C O 2 gas and decapitation, followed by RNA isolation from whole brain, spinal cord, and peripheral tissues for cDNA cloning or Northern blot analysis.
Isolation of MSP cDNA
C lone pM444-4 was obtained by PCR of adult rat spinal cord first-strand cDNA, using degenerate oligonucleotides targeted to two highly conserved regions of the trypsin /chymotrypsin serine protease family. The sense strand primer (5Ј-TGGGTGATCACRGC TGC YCAC TGC -3Ј) corresponds to the coding region of amino acids 51-58 and the antisense primer (5Ј-GAGGGGSCC TCC TGAGTCACC -3Ј) corresponds to the region of amino acids 193-199 of chymotrypsinogen (see Fig. 1 ). These regions flank the conserved His and Ser residues, respectively, of the active site catalytic triad of the chymotrypsin serine protease family. A 435 base pair (bp) cDNA fragment obtained after PCR (pM444-4) was cloned into pGEM-T (Promega, Madison, W I) and characterized by dideoxy nucleotide sequence analysis. Using a similar strategy, we obtained a cDNA clone, pCD2-1, from human cerebral cortex cDNA, which is 80% identical to pM444-4 at the nucleotide level and appears to be the human homolog of M444-4.
The f ull-length rat MSP (rMSP) cDNA was obtained by PCR, using rat brain MarathonReady cDNA and Advantage K lenTaq DNA polymerase (C lontech, C ambridge, UK). The polymerase was chosen for its ability to generate long amplifications and provide 3Ј-5Ј proofreading. Specific internal primers were designed that overlap the EcoRI restriction site in clone pM444-4. These primers, along with the supplied adaptorcomplementary primers, were used to generate both 5Ј and 3Ј fragments. Fractionation of the PCR products on a 1% agarose gel revealed a fragment of ϳ800 bp for the 5Ј region and 650 bp for the 3Ј end. These fragments were cloned into pGEM-T. The 5Ј fragment was excised from one of the resulting clones (pM500-5) with SacII and EcoRI and ligated into a similarly digested plasmid containing the 3Ј fragment (pM502-1). The resulting clone, pM515-1, contained the f ull-length cDNA as determined by subsequent sequencing. The predicted amino acid sequence was screened for sequence homology with the Swiss Protein Database via the Basic L ocal Alignment Search Tool.
MSP R NA e xpression in brain and peripheral tissues
Northern hybridization. The abundance of MSP mRNA expression in the rat brain and spinal cord was quantified by Northern hybridization. The brain or spinal cord of control and K A-treated adult rats was homogenized in guanidine thiocyanate, and the RNA was pelleted through a cushion of C sC l (Chirgwin et al., 1979) . mRNA was isolated from total RNA with Poly(A ϩ ) Tract (Promega). One microgram samples of mRNA were fractionated by electrophoresis in 1.4% agarose, followed by capillary transfer to Z etta membranes, using 10ϫ saline sodium citrate (SSC; 1.5 M NaC l and 1.5 M sodium citrate) overnight. Transferred mRNA was cross-linked by baking at 80°C for 1 hr. The nylon membrane containing poly(A ϩ ) RNAs from eight different rat tissues (heart, brain, spleen, lung, liver, skeletal muscle, kidney, and testes) was obtained from C lontech. Each lane contained ϳ2 g of poly(A ϩ ) RNA and was examined for the relative abundance of rat MSP and for the abundance of a known serine protease, tPA, by Northern hybridization. The distribution of MSP and tPA mRNA in human brain and peripheral tissues was explored by Northern hybridization of a multiple tissue RNA dot blot containing human poly(A ϩ ) RNA from 15 different human adult brain regions and 28 peripheral non-neural tissues (C lontech). The signal produced from a nontissue-specific constitutively expressed gene, ubiquitin, has been shown to be consistent for each dot containing RNA samples from different tissues.
Rat MSP (pM444-4) and human MSP (pCD-2) cDNA inserts were cut from plasmid DNA with a combination of SphI and NcoI. A tPA cDNA fragment, corresponding to bp 1149 -1603 (Rickles et al., 1988) , was PCR-amplified from mouse brain cDNA and inserted into pGEM-T to create pM455. The mouse tPA cDNA insert was excised from pM455 with SpeI and NcoI. A 409 bp human tPA cDNA probe corresponding to bp 1134 -1543 (Degen et al., 1986) was PCR-amplified from clone (40403; American T ype Culture Collection, Rockville, MD). cDNA fragments were purified from 1% agarose gels (QIAEX II) and were labeled with 5 Ci [␣-32 P]-ATP by random hexamer priming (Promega). Northern hybridization of mRNA blotted on Z etta membranes was performed according to Maniatis (Sambrook et al., 1989) . Membranes containing RNA from rat C NS were hybridized for 24 hr at 68°C with the radiolabeled cDNA probes in the presence of 0.04 M sodium phosphate, pH 7.2, 5% SDS, 1 mM EDTA, 100 g /ml denatured and sheared salmon sperm DNA, and Denhardt's (5ϫ). Filters were washed with 5% SDS, 1 mM EDTA, and 40 mM sodium phosphate, pH 7.2, at 68°C and then at room temperature with 0.1% SDS, 1 mM EDTA, and 40 mM sodium phosphate, pH 7.2, in diethylpyrocarbonate-treated water. Rat and human multiple tissue Northern blots were hybridized in E xpress Hybridization Solution (C lontech) and washed under similar conditions. All blots were viewed on a phosphorimager, and the relative optical density (ROD) of each band was determined with the Molecular Dynamics (Sunny vale, CA) image analysis system for f urther quantification. Then blots were placed on x-ray film (X AR, Eastman Kodak, Rochester, N Y) for exposures from 12 hr to 1 week at Ϫ70°C, with two intensif ying screens. The relative amount of MSP or tPA mRNA hybridization in each Northern blot was normalized for any differences in sample RNA loading by rehybridizing stripped membranes to one or more cDNA control probes. The control cDNAs used were EcoRI-digested cyclophilin (pML -20) (Danielson et al., 1988 ) and a human ␤-actin cDNA or a cDNA probe to the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH), obtained from C lontech.
In situ hybridization histochemistr y. Serial sections through the lumbosacral spinal cord (L1-S3) of control and K A-injected adult male rats were examined for the density and distribution of rMSP mRNA with in situ hybridization techniques. Frozen 20 m transverse or sagittal sections through the lumbosacral spinal cord were cut into 0.1 M phosphate buffer and mounted on to Vectabond-coated (Sigma, St. L ouis, MO) slides. Sections adjacent to those processed for in situ hybridization histochemistry were counterstained with 0.25% cresyl violet. Slides containing sections from either control or treated animals were hybridized in parallel for localization of [␣- 35 S]-UTP-labeled antisense or sense strand rMSP cRNA. The rMSP plasmid (M444-4) was linearized with SacII for synthesis of the antisense riboprobe with T7 RNA polymerase or with SpeI for synthesis of the sense strand riboprobe with SP6 RNA polymerase (Stratagene, La Jolla, CA) in the presence of [␣- 35 S]-UTP (Amersham, Arlington Heights, IL). Hybridization histochemistry was performed as previously reported (Scarisbrick et al., 1993) . Slide-mounted sections were washed in 0.1 M glycine, followed by 0.1 M phosphate buffer, pH 7.2, and then incubated in 1 g /ml proteinase K , 50 mM EDTA, and 0.1 M Tris-C l, pH 8, for 30 min at 37°C; 0.25% acetic anhydride in 0.1 M triethanolamine, pH 8.0, for 10 min at room temperature; and finally washed in 2ϫ SSC for 1 hr. The sections were defatted in chloroform and air-dried before application of the hybridization buffer containing 1 ϫ 10 6 cpm /100 l of the [␣-35 S]-UTP-labeled cRNA. The hybridization buffer containing 50% deionized formamide, 10% dextran sulfate, 0.7% Ficoll, 0.7% poly vinyl pyrrolidone, 0.7% bovine serum albumin, 0.15 mg /ml yeast tRNA, 0.33 mg /ml denatured herring sperm DNA, and 40 M dithiothreitol (DTT) was applied to air-dried sections. Slides were coverslipped and incubated for 36 hr at 60°C in a humidified chamber. The hybridized sections were washed in 4ϫ SSC buffer, pH 7.0, containing 6.4 mM sodium thiosulfate and treated with 20 g /ml ribonuclease A in 10 mM Tris-C l and 1 mM EDTA, pH 8, for 30 min at 45°C. Over the next 18 hr sections were washed in sodium thiosulfate containing SSC solutions of increasing stringency. This included two 30 min incubations in 0.5ϫ and 0.1ϫ SSC at 60°C and a final wash in 0.1ϫ SSC at room temperature overnight. Air-dried sections of control and K A-treated spinal cords, along with a set of radioactive standards (C 14 , Amersham), then were applied to ␤-Max x-ray film and exposed for 4 -7 d. After development of the film, the slide-mounted sections were defatted f urther in chloroform, coated with Kodak N TB2 emulsion (1:1 with H 2 0; Eastman Kodak), exposed for 10 d at 4°C, developed in Kodak D19, fixed, and stained with 0.25% cresyl violet.
Densitometric quantitation of rMSP mR NA. The relative distribution of rMSP mRNA in the white and gray layers of the spinal cord and changes in the expression of rMSP mRNA after K A administration were quantified by comparison of ROD measurements of densitometer-scanned film autoradiographs (Microcomputer Imaging Device, Imaging Research, St. C atherines, Ontario). Densitometric measurements were taken from the spinal cord white matter and the dorsal and ventral gray regions of control and K A-treated animals processed in parallel. The ROD of film autoradiographs was calibrated to film images of C 14 standards (Amersham). The mean labeling density in individual cases was calculated by measuring the ROD of no fewer than 30 samples of at least 10 tissue sections. The significance of changes in MSP mRNA hybridization at different time points was determined via a comparison of the percentage of labeling observed in experimental tissue sections compared with control tissue sections hybridized in parallel. The statistical significance of K A-induced changes in rMSP cRNA labeling was evaluated by one-way ANOVA of the mean percentage of control of at least four animals at each time point, followed by the Student-NewmanKeuls post hoc test for paired comparisons. Differences were considered significant when p was Ͻ 0.05 and expressed as mean Ϯ SE.
Immunohistochemistry
The oligodendroglial or astrocytic identity of MSP mRNA-expressing spinal cord glia was characterized by immunostaining of adjacent sections through the normal lumbosacral spinal cord for glial-specific antigens. The distribution of oligodendroglia was determined by localization of 2Ј, 3Ј-cyclic nucleotide 3Ј-phosphodiesterase (C N Pase), an enzyme uniquely localized to myelin-producing cells such as oligodendrocytes (Prineas et al., 1989; Reynolds et al., 1989; Scherer et al., 1994; Barradas et al., 1995) , with a mouse monoclonal antibody anti-C N Pase (C lone 11-5B, Sigma). The distribution of astrocytes was determined by localization of glial fibrillary acidic protein (GFAP, mouse monoclonal, C lone G-A-5; Sigma). Primary antibodies were diluted in 0.1 M phosphate buffer containing 0.25% Triton X-100 and 3% normal swine serum at a ratio of 1:500. Free-floating sections were incubated in the anti-C N Pase or the anti-GFAP primary antisera at 4°C for 24 hr. Then sections were washed in cold 0.1 M phosphate buffer and incubated in biotinylated anti-mouse secondary immunoglobulins (Vector Laboratories), diluted in the same solution as the primaries at 1:200, for 1 hr at room temperature. After being washed in cold 0.1 M phosphate buffer, the sections were reacted f urther with the avidin -biotin peroxidase technique (Vectastain, Vector Laboratories, Burlingame, CA), and the immunostaining was visualized with a metal-enhanced diaminobenzidine (DAB) substrate (Pierce, Rockford, IL). The DAB reaction was stopped by washing the sections in 0.1 M phosphate buffer before the sections were mounted onto 0.5% gelatin-coated slides, dehydrated, cleared, and coverslipped.
RESULTS
Human and rat MSP clone and sequence analysis
To identif y serine proteases potentially important in the normal and injured spinal cord, we have used PCR amplification with degenerate oligonucleotide primers designed on the basis of regions of homology between known serine proteases. One of the cDNA clones isolated in this manner was found to encode a previously unidentified member of the trypsin /chymotrypsin serine protease family. Sequence analysis of a f ulllength cDNA clone predicted an amino acid sequence of 251 residues for the precursor of this protease, designated MSP ( Fig. 1 ; GenBank accession number AF016269). MSP is most similar in sequence to neuropsin (48% amino acid sequence identity), trypsin (45%), and tissue kallikrein (36%) (Fig. 2) . MSP is 34% identical to mouse tPA within the coding region of the serine protease domain (Rickles et al., 1988) . Amino acid residues comprising the active site catalytic triad, His 57, Asp 102, and Ser 195, are all conserved in MSP. The conservation of key residues surrounding the substrate binding pocket (Asp 189, Gly 216, and Gly 226) suggests that MSP has trypsin-like activity (Shotton and Watson, 1970) .
Regional expression of MSP
The distribution of mRNA encoding the serine proteases MSP and tPA has been determined in neural and non-neural tissues of the rat with 32 P-labeled cDNA probes and Northern blot techniques. These experiments have shown that, in the rat, MSP mRNA is more abundant in the CNS, as compared with the peripheral tissues examined (Fig. 3A) . Relative to RNA samples from whole rat brain, ϳ10-fold lower levels of MSP mRNA were observed in the lung, and lower levels still were observed in the spleen, liver, skeletal muscle, kidney, and testes of the rat. By contrast to MSP, tPA mRNA was observed at a more uniform level in RNA samples of different tissues examined, including heart, brain, lung, kidney, and skeletal muscle (Fig. 3B) . The cyclophilin (Fig. 3C) , ␤-actin (Fig. 3D) , and the GAPDH (data not shown) cDNA control probes hybridized to the same blot were not found to be distributed equally among the RNA samples of brain and peripheral tissues examined, although together they demonstrated adequate loading of RNA.
The relative distribution of MSP and tPA mRNA in the human CNS and peripheral tissues has been examined by probing a multiple tissue Northern dot blot containing poly(A ϩ ) RNA from 15 different adult human brain regions and 28 peripheral tissues, with a 32 P-labeled CD2 cDNA probe (Fig. 4) . Of all the brain regions contained on this blot, MSP cDNA hybridization was the most dense in the spinal cord and medulla oblongata, where similar levels were detected, with lower levels in other brain regions and in most other peripheral tissues that were examined. To judge the relative abundance of MSP in each RNA sample, we compared levels of cDNA hybridization directly with the highest levels observed, that is those in the spinal cord, and expressed them as a percentage in Table 1 . Mirroring the distribution of MSP mRNA observed in mRNA extracts from whole adult rat brain compared with spinal cord (Fig. 5A) , MSP mRNA levels in the RNA samples of whole adult human brain were 6-fold lower relative to the RNA samples of the spinal cord and medulla oblongata (see Fig. 4 , Table 1 ). The next highest levels of MSP cDNA hybridization in the human brain were observed in the hippocampus, frontal lobe, thalamus, subthalamic nuclei, and the substantia nigra, in which the level of hybridization was ϳ2-to 3-fold lower than that observed in the spinal cord. MSP mRNA levels in the putamen, cerebral cortex, caudate nucleus, amygdala, and temporal lobe were 4-to 7-fold lower than in the spinal cord. The lowest levels of MSP mRNA were detected in the occipital pole and cerebellum, where levels were ϳ12-fold lower than those detected in the spinal cord. The level of MSP mRNA in these brain regions was found to be equal to, or lower than, the level detected in most peripheral tissues. The highest levels of MSP cDNA hybridization in human peripheral tissues occurred in the kidney, where levels were only slightly lower than those observed in the spinal cord. The next highest levels of MSP mRNA in the peripheral tissues examined were observed in the lung, thymus, thyroid gland, ovary, and mammary gland, where levels were ϳ5-to 6-fold lower than that detected in the spinal cord. Among the lowest levels of MSP mRNA were those detected in muscle of cardiac, aortic, or skeletal muscle cell origin, where levels were 10-to 20-fold lower than that observed in the spinal cord. Elsewhere in peripheral tissues the level of MSP mRNA detected was similar to the level observed in the cerebellum of the brain, that is ϳ7-to 10-fold lower than that observed in the spinal cord.
Both similarities and differences were observed in the distribution of tPA mRNA relative to that of MSP in the human brain regions and peripheral tissues examined (Fig. 4) . The highest levels of tPA, like those of MSP in the human brain, were detected in the spinal cord. By contrast to MSP, tPA mRNA was found to be distributed more uniformly across the other brain regions exam-ined, including the medulla oblongata, and only 2-to 2.5-fold lower than the level of tPA mRNA observed in the spinal cord (Table 1) . Also in contrast to MSP, tPA mRNA was widely and densely distributed in the peripheral tissues contained on this blot. Indeed, the levels of tPA mRNA in the human kidney, adrenal gland, colon, bladder, uterus, stomach, and small intestine were all greater than the level detected in the spinal cord, whereas those in the heart, aorta, pancreas, thyroid gland, and liver were similar to those observed in the spinal cord. Significant levels of tPA mRNA were observed in each of the other tissues examined, including skeletal muscle, where levels were from 1.5-to 2.5-fold lower than in the spinal cord. Interestingly, the highest levels of tPA mRNA in the human peripheral tissues examined were, like those of MSP mRNA, observed in kidney.
Cell-specific expression of MSP in the adult rat spinal cord
As shown in Figures 6, 8 , and 9, MSP cRNA hybridization in the normal adult rat lumbosacral spinal cord predominates in the white matter glia. MSP cRNA labeling in the gray matter laminae I to X was widespread but occurred at an overall lower level than that observed in the white matter of control animals (Fig. 6 A) . The alpha motor neurons of lamina I X in control animals clearly were associated with low levels of MSP cRNA labeling (Figs. 6 A, 8A, 9A) . By contrast to MSP, tPA cRNA labeling was found to be dense in association with the neurons of the spinal cord gray matter, with only very low levels of labeling in the white matter (our unpublished data). Densitometric measurements of film autoradiographs showed that the (Chen et al., 1995) , mouse EGF binding protein (mEGFBP) (Blaber et al., 1987) , and rat chymotrypsinogen B (rChB) (Bell et al., 1984) . MSP is most similar in sequence to neuropsin (48% amino acid sequence identity) and trypsin (45%). (Figure legend continues) density of MSP cRNA labeling was 2-fold higher in the spinal cord white matter, as compared with the gray matter of control animals ( p Ͻ 0.001, Student-Newman -Keuls; data not shown). There were no significant differences in MSP cRNA labeling density between the dorsal and ventral regions of spinal cord gray matter in control animals.
White matter glia associated with dense-to-light MSP cRNA labeling formed a subpopulation of the total, such that they were distinct from other glia in which no MSP cRNA labeling was observed (Fig. 8C,D) . In sagittal section, white matter glia associated with high levels of MSP mRNA hybridization were arranged in a linear manner, paralleling the course of major fiber tracts (data not shown). Among the cells hybridizing the highest levels of MSP cRNA in the gray matter was a sparsely distributed population, with small darkly Nissl-stained nuclei, of similar size and labeling intensity to the white matter glia (Figs. 8 A,B, 9A,B) . The identity of MSP-producing glia was characterized further by examination of the distribution of CNPase-immunoreactive oligodendroglia and GFAP-immunoreactive astroglia in parallel sections (Fig. 9C,D) . Overall, the appearance of MSP-producing glia resembled that of CNPase-immunoreactive oligodendrocytes, which were abundant in the white matter and sparsely distributed in the gray matter. By contrast, GFAP-immunoreactive astrocytes were abundant in both the white and gray matter of the adult rat spinal cord. Schwann cells of the proximal portions of the dorsal and ventral roots were associated with little MSP cRNA labeling (Fig. 6 B,C) .
Regulation of MSP mRNA expression by excitotoxic injury
Northern and in situ RNA analyses demonstrated that MSP mRNA expression increases ϳ2-fold in the adult rat spinal cord by 3 d after intraperitoneal injection of KA (Figs. 5-9 ). By contrast, at 12 and 24 hr changes in MSP mRNA expression were not significantly different from controls (Fig. 7) . Significant increases in MSP mRNA hybridization were first observed by 48 hr after KA injury (data not shown). At 72 hr there was a 3-fold increase in MSP mRNA hybridization in the spinal cord white matter and a coordinate 1.5-fold increase in the dorsal and ventral horns of the gray matter (Figs. 6 -8 ). The level of MSP mRNA expression in the ventral horn of the spinal cord gray matter remained elevated to 1.5-fold over control up to 1 week after KA exposure ( p Ͻ 0.05), whereas the levels of expression in the dorsal regions of gray matter and in the spinal cord white matter were no longer significantly different from control animals (Fig. 7) .
Increases in MSP mRNA expression occurred within each lamina of the spinal cord gray matter. This increase was particularly evident in association with the motor neurons of lamina IX, in which the levels of MSP cRNA labeling at 3 and 7 d after KA exposure were similar to the dense level of labeling observed in association with white matter glia of control and KA-treated rats (Figs. 6, 8, 9 ). The dramatic increase in MSP mRNA expression observed in association with white matter glia at 3 d after the initial excitotoxic insult was the result of both an increase in hybridization associated with individual cells and in the number of cells associated with signal (Fig. 8C,D) . Similarly, in the spinal gray matter there was an increase in both the number of glial cells associated with MSP cRNA labeling and in the density of signal associated with each ( Fig. 8 A,B) .
Changes in the level of rMSP mRNA expression after KA Figure 3 . MSP mRNA in the adult rat is expressed at higher levels in the brain than in the peripheral tissues that were examined. Shown are film autoradiographs of a Northern blot containing samples of total RNA from whole brain (including spinal cord) and seven different peripheral tissues hybridized with a 32 P-labeled cDNA probe of rat MSP (pM444-4; A), tPA (pM455; B), cyclophilin ( C), or ␤-actin ( D). Each lane contains 2 g of poly(A ϩ ) RNA isolated from the heart ( H ), brain ( B), spleen (Sp), lung (Lg), liver (Lv), skeletal muscle (Sk), kidney ( K), and testes ( T) of adult rats. rMSP cDNA hybridization produced a single band (arrowhead, A), and was ϳ10-fold greater in RNA samples of whole brain relative to RNA samples of peripheral tissues contained on this blot. By contrast to MSP, tPA mRNA (arrowhead, B) was more widespread in peripheral tissues. Hybridization of the cyclophilin (arrowhead, C) and ␤-actin (arrowheads, D) control cDNA probes to the same blot showed adequate loading of RNA but unequal amounts of the mRNA encoding each in brain relative to peripheral tissues. Notably, cyclophilin mRNA was low in samples from heart or skeletal muscle ( C). The two bands corresponding to the 1.8 and 2.0 kb isoforms of ␤-actin were observed in heart and skeletal muscle ( D).
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Residue numbering is for chymotrypsinogen. Amino acid residues comprising the active site catalytic triad, His 57, Asp 102, and Ser 195, are all conserved in MSP. The conservation of key residues surrounding the substrate binding pocket (Asp 189, Gly 216, and Gly 226) suggests that MSP has trypsin-like activity (Shotton and Watson, 1970) . F, Conserved residues of the catalytic triad; ࡗ, residues critical for trypsin-like specificity; , activation peptide cleavage site. treatment observed by in situ hybridization were confirmed by the results of Northern hybridization of mRNA isolated from control and K A-treated adult rat spinal cords (see Fig. 5 ). Approximately 1.6-fold higher levels of MSP mRNA were detected in RNA samples of the whole rat spinal cord at 7 d after K A exposure, as compared with controls (see Fig. 5A ). Paralleling the distribution of MSP mRNA in RNA samples of the human spinal cord (see Fig. 4 ), MSP mRNA levels were found to be ϳ 7-fold higher in the rat spinal cord, as compared with the whole remainder of the rat CNS. Hybridization of the rat cyclophilin cDNA probe was used to normalize measurements of MSP cDNA hybridization for any variation in the amount of RNA sample loaded.
DISCUSSION
The present studies were undertaken to determine the potential activity of serine proteases in the adult spinal cord. We have described the cloning of a novel gene encoding a trypsin-like serine protease related to neuropsin and tissue kallikrein. The expression of MSP mRNA in both the rat and human was shown to occur predominantly in the nervous system and to be the most dense in the spinal cord and medulla oblongata. These observations point to the potentially nervous system-specific activity of the novel serine protease described herein, which we have designated myelencephalon-specific protease (MSP). The 2-fold increase in MSP mRNA expression in spinal cord glia and neurons of the adult rat, including alpha motor neurons, by 3 d after KA /AM PA receptor-mediated excitotoxic injury suggests that the activity of MSP may be involved in proteolytic cascades in the normal and injured adult spinal cord.
MSP substrate specificity
Although the normal physiological substrates of MSP are not known, the predicted amino acid sequence suggests that the activated protease will have a substrate specificity similar to trypsin and, therefore, a potentially broad range of activity. Relative to other known serine proteases, MSP is small and does not have a large amino terminal domain. The predicted signal peptide identified by sequence analysis suggests that MSP is secreted. Potential functions of secreted proteases include local modification of the extracellular matrix and cleavage of extracellular matrix-associated growth factor precursor proteins (Matrisian and Hogan, 1990; McGuire and Seeds, 1990) . The identification of proteases with potential activity in the nervous system, such as MSP, is a critical component to understanding key factors and mechanisms involved in remodeling events associated with synaptic plasticity and cell survival, which participate in the development, normal function, and response of the nervous system to injury.
Region and cell-specific expression of MSP in the CNS
The activation and proteolytic actions of serine proteases, such as thrombin and the plasminogen activators, are best characterized in peripheral tissues, but considerable evidence points to their expression and activity in the nervous system. For example, plasminogen activators have been shown to be produced and secreted by neurons and glia and to participate in remodeling events that occur during cell migration (Moonen et al., 1982) , neurite outgrowth (Monard, 1988; Pittman and Williams, 1989; Sumi et al., 1992; Sappino et al., 1993) , and synaptic plasticity (Monard, 1988; Qian et al., 1993; Sappino et al., 1993) . MSP Table 1 . This comparison demonstrated that, of all human brain regions examined, MSP mRNA was present at the highest level in the spinal cord (B7 ) and medulla oblongata (A8) (see also Fig. 5 ). Significant levels of MSP mRNA also were observed in the hippocampus (A7 ), thalamus (B5), subthalamic nuclei (B6 ), frontal lobe (A6 ), and substantia nigra (B3). By contrast to this, the level of MSP mRNA hybridized in samples of most peripheral tissues was similar to the low level detected in the amygdala (A2), cerebellum (A4 ), and occipital (B1) and temporal lobes (B4 ) of the brain, where the level of MSP mRNA hybridization was ϳ5-to 20-fold lower than that observed in the spinal cord. The exception to this was the kidney (E1), where the level of MSP mRNA detected was similar to that detected in the spinal cord (B7 ) and medulla oblongata (A8). Compared with MSP mRNA, tPA mRNA was distributed more uniformly across the brain regions examined but was, like MSP, highest in the spinal cord. In striking contrast to MSP, tPA mRNA was distributed much more widely in peripheral tissues, including skeletal muscle (C3).
expression was observed in peripheral tissues but, except for kidney, was ϳ5-to 20-fold lower than levels detected in the brain and spinal cord. MSP mRNA expression was detected in each brain region examined, including the hippocampus, substantia nigra, and cerebral cortex, but the highest levels of expression, by at least 2-fold, were detected in the spinal cord and medulla oblongata. Within the adult rat spinal cord, MSP mRNA was found to be associated with neurons throughout the dorsal and ventral regions of gray matter and to be abundant in a select population of white matter glia. Thus, although MSP is likely to have a broad range of substrate specificity, its action is regulated in part by tissue-and cell-specific expression patterns.
The evidence showing activity of tPA in neuronal survival and plasticity-related events (Qian et al., 1993; C arroll et al., 1994; Seeds et al., 1995; Frey et al., 1996) prompted us to compare its expression with that of MSP. tPA mRNA has been shown previously to be widespread in the brain of adult rodents (Sappino et al., 1993; Ware et al., 1995) , and our observations extend this view to the human brain. Additionally, we have found that tPA mRNA, like MSP, is elevated in the spinal cord relative to all other regions of the human brain examined. Despite the similarities in distribution in the spinal cord, tPA mRNA was, by contrast, distributed more uniformly in the other brain regions examined and far more widespread in peripheral tissues. The dense expression of both MSP and tPA in the spinal cord points to their role in maintaining the integrity of the normal spinal cord and potentially in the pathogenesis of certain spinal cord-related disease states, such as amyotrophic lateral sclerosis.
The most striking feature of the cellular localization of MSP in the spinal cord was the dense expression by white matter glia. A number of roles for glial-produced serine proteases and protease inhibitors have been demonstrated. For example, astrocytederived PN I enhances the survival of mixed spinal neuron cultures (Festoff et al., 1996) . Thrombin has been shown to induce the secretion of NGF from cultured astrocytes (Neveu et al., 1993) and to affect their proliferation and differentiation (Cavanaugh et al., 1990; Beecher et al., 1994) . We have shown that, within the normal adult rat spinal cord white and gray matter, MSP mRNA expression includes a subpopulation of glia, which are most numerous in the white matter. The abundance of MSPproducing cells in the white matter, but not the gray matter, and their overlap with the distribution of CNPase-immunoreactive oligodendrocytes suggests that MSP mRNA is expressed predominantly by oligodendroglia of the normal adult rat spinal cord. The ROD produced by hybridization of 32 P-labeled hMSP or htPA cDNA probes to each RNA sample contained on the dot blot in Figure 4 was measured and is expressed as a percentage of the signal produced by each cDNA probe after hybridization to RNA samples of the spinal cord (Fig. 4, B7) . Figure 6 . MSP mRNA expression in the adult rat spinal cord increases in the gray and white matter after kainic acid-induced excitotoxic injury. Darkfield photomicrographs show the autoradiographic localization of MSP cRNA hybridization in a transverse section through the lumbosacral spinal cord of a control rat ( A) and in parallel sections of paired experimental rats at 3 d (B) and 7 d (C) after intraperitoneal administration of KA. The highest levels of MSP cRNA labeling in control sections occurred in association with the white matter glia (arrowheads) throughout the dorsal (DF ), lateral (LF ), and ventral funiculi (VF). Lower levels of MSP cRNA labeling were associated with neurons in laminae I-X of the spinal cord gray matter of control animals, including the motor neurons of lamina IX (arrows in A; see also Fig. 8) . By 3 d after KA administration ( B), MSP mRNA hybridization was 2-fold higher in the white matter and 1.5-fold higher in the dorsal (DH ) and ventral (VH) horns of the spinal cord gray matter, as compared with controls (see Fig. 7 ). Motor neurons of lamina IX of the spinal cord were among the gray matter neurons associated with increased levels of MSP cRNA labeling at 3 and 7 d after KA administration (arrows in B and C). The Schwann cells of the proximal portions of the dorsal (dr) or ventral roots (vr) were associated with little MSP mRNA hybridization (B, C). The ventral spinal artery (va in C) and other blood vessels were not associated with MSP mRNA hybridization. Scale bar, 500 m. Because protease activity has been shown to influence neurite outgrowth, it is of interest that, whereas astrocytes provide a good substrate for neurite outgrowth in vitro, growth cone collapse is observed with oligodendrocyte contact (Lindsay, 1979; Hatten et al., 1984; C adelli et al., 1992) . Our results also indicate that MSP is not produced at high levels by Schwann cells, at least those of the proximal portions of peripheral nerves, which are known to provide an environment favorable to axon regeneration of both central and peripheral neurons (David and Aguayo, 1981) .
Functionally important proteases and their inhibitors regulating plasticity, regeneration, and cell death in the spinal cord remain to be f ully characterized. Plasminogen activator activity is present in skeletal muscle and increases both within skeletal muscle (Festoff et al., 1986; Hantai et al., 1990) and facial motor neurons (Nakajima et al., 1996) after axotomy and has been shown to be elevated in muscle of the wobbler mutant mouse (Blondet et al., 1992) . The serine protease inhibitor PN I also is produced by skeletal muscle cells, is localized to the neuromuscular synapse (Rao et al., 1985; Festoff et al., 1991) , and is upregulated in the distal nerve stump after axotomy (Meier et al., 1989) . Importantly, exogenous PN I has been shown to prevent programmed cell death in the motor cell column of the developing chick and axotomy-induced motor neuron degeneration in the neonatal mouse (Houenou et al., 1995) . Within the alpha motor neuron -muscle cell axis we show that MSP mRNA expression predominates in motor neurons, whereas by comparison there is little detectable expression in skeletal muscle of the adult rat or human. By contrast to MSP, tPA mRNA was detected at significant levels in skeletal muscle as well as in the spinal cord. The selective production of MSP mRNA by spinal motor neurons and the possibility of anterograde transport and axonal release of MSP There is a subpopulation of glia that do not hybridize MSP cRNA in control animals or at 72 hr after K A administration (small arrowheads, A-D). Densitometric measurements of cRNA labeling (see Fig. 7 ) demonstrated that MSP cRNA hybridization increases 1.5-fold in the ventral horn of the gray matter at 72 hr after K A administration, and this increase is reflected in the relative density of silver grains localized to the alpha motor neurons (arrows) and gray matter glia (large arrowheads) of the ventral horn at 72 hr after K A-exposure ( B), as compared with controls ( A). Small blood vessels in the substance of the spinal cord are unlabeled with MSP cRNA (star in C). Scale bar, 25 m. at the neuromuscular junction leave this protease in a unique position to participate in remodeling of the neuromuscular synapse, under the control of the motor neuron itself. Although the endogenous inhibitors of MSP are unknown, one likely candidate may be neuroserpin, which is a trypsin-like protease inhibitor predominantly expressed by neurons and which has been shown to be released from axon terminals (Osterwalder et al., 1996) .
Role of MSP in the response of the spinal cord to excitotoxic injury
The most convincing evidence for the role of serine proteases in neuronal degeneration caused by excitotoxic events comes from observations that K A injury causes an increase in tPA mRNA expression in hippocampal neurons and neuroglia and that tPA and plasminogen-deficient mice are resistant to K A-induced neuronal degeneration, as are animals treated with the plasminogen inhibitor ␣-2-antiplasmin (Tsirka et al., 1995 (Tsirka et al., , 1997 . We show that the novel serine protease MSP is present at high levels in the normal brain and spinal cord and is upregulated severalfold in spinal cord neurons and glia by K A-mediated excitotoxic injury. There is considerable evidence for a role of non-NMDA receptors in the response of the spinal cord white and gray matter to injury (Gomez-Pinilla et al., 1989; Rothstein et al., 1993; Wrathall et al., 1994; Agrawal and Fehlings, 1997) . Further, it has been demonstrated in vitro that spinal motor neurons are selectively vulnerable to AMPA/kainate receptor-mediated injury because of the expression of AMPA/kainate receptors gating channels with direct Ca 2ϩ permeability (Carriedo et al., 1996) . Increases in MSP mRNA expression in the adult rat spinal cord were observed after the first 24 hr after KA-induced injury and included glia of both the spinal cord white and gray matter. The activity of MSP therefore is likely to be associated with the more delayed response of the spinal cord to excitotoxic injury and may include expression by reactive astrocytes and microglia in addition to neurons and oligodendroglia. Together, these observations strongly suggest that MSP may affect neuronal survival and the regenerative environment of the injured adult spinal cord. (A, B) show the autoradiographic localization of MSP cRNA hybridization in association with the spinal motor neurons of lamina IX (arrows) and in association with the glia of the white (white arrowheads) and gray matter (black and white arrowheads) of a control rat ( A) and a rat at 7 d (B) after kainic acid injury (see also Fig. 6 A,C) . MSP-producing glia are most numerous in the white matter (WM ) and there follow the distribution of C N Pase-immunoreactive oligodendrocytes (bright-field photomicrograph C, arrowheads) examined in parallel sections of control spinal cords. High levels of MSP cRNA labeling also were observed in a small fraction of gray matter glia in the spinal cord of control animals (black and white arrowheads in lamina IX; A, B); this contrasts with the number of GFAP-immunoreactive spinal cord glia in adjacent sections ( D). Significant increases in MSP cRNA hybridization persisted in the gray matter of the ventral horn at 7 d after K A exposure, including hybridization by motor neurons of lamina IX (arrows) and glia (black and white arrowheads; B). Scale bar, 100 m.
